ABBREVIATION
INTERPRETATION Children born very preterm have medium to large deficits in these cognitive domains.
Children born very preterm (<32wks' gestation) have increased risks of cognitive problems, as well as academic underachievement and behavioural problems. [1] [2] [3] We conducted a quantitative meta-analysis to integrate previous research on problems in three critical cognitive domains: intelligence, executive function, and processing speed. Intelligence usually refers to individual differences in overall cognitive ability, although it is often examined in terms of a person's ability to solve novel problems independently of previously acquired knowledge. 4 Executive functioning is an umbrella term used to describe cognitive processes that are specifically associated with goal-directed behaviour, including inhibition, working memory, and task switching. 5 Processing speed refers to the speed at which individuals can perform cognitive tasks. 6 Large bodies of evidence have found intelligence, executive function, and processing speed deficits in children born very preterm, [1] [2] [3] 7 are likely caused by underlying neurological disruptions to a large frontoparietal network. 8 With an increase in the number of children born preterm in the last 20 years that are born alive at steadily decreasing gestational age, 9 and a decrease in neonatal morbidity over the same time period, 10 the long-term developmental sequelae of preterm birth at earlier gestational age are a growing public health concern. A major issue in paediatric research is whether such decreases in gestational age and/or birthweight moderate the development of neurocognitive deficits; that is, whether children born extremely preterm (<28wks gestational age) perform significantly worse on cognitive measures than, for example, children born at 32 weeks gestational age. AarnoudseMoens et al. 1 reported no significant correlations between executive function domains and gestational age or birthweight, suggesting that, broadly, children born preterm may perform worse than children born at term without any indication of differences within the preterm population. Conversely, Kerr-Wilson et al. 3 reported an 11.94-point reduction in IQ as a result of preterm birth, and found a significant association between gestational age and IQ, whereby IQ steadily declined with decreases in gestational age. This highlights that children born at an increasingly early gestational age are at increasing risk of developing neurocognitive problems. A second issue is whether such neurocognitive problems occur as a deficit or a developmental delay. 11 That is, whether children born very/extremely preterm experience a delay in comparison to typical developmental trajectories, but eventually catch up, or whether they remain at an impaired level. Given that differences in intelligence are due to both individual and developmental differences, 12 comparing differences in cognition between children born very preterm and their term-born peers throughout childhood and adolescence may shed further light on atypical cognitive development in this most-at-risk group among the broader population of children born preterm.
This meta-analysis was conducted to update the metaanalyses conducted by Bhutta et al. 2 and Aarnoudse-Moens et al., 1 and to integrate the findings of more recent research in the field. Additionally, the current meta-analysis is the first, to our knowledge, to examine all these cognitive domains. Bhutta et al. 2 examined cognitive studies as a whole and Aarnoudse-Moens et al. 1 split executive functions into verbal fluency, working memory, and cognitive flexibility but did not examine intelligence or processing speed. Although Kerr-Wilson et al. 3 recently examined the association between preterm birth and intelligence, no meta-analysis has examined these three cognitive domains simultaneously. Indeed, processing speed appears to have been overlooked entirely. As such, there were two aims of this study: first, to investigate the outcome of children born very preterm in terms of intelligence, executive function, and processing speed compared with their term born peers; and second, to determine whether variation in our estimates of the association between very preterm birth status and cognitive outcomes can be explained by differences in gestational age, birthweight, and age across studies.
METHOD Selection of studies
The guidelines published by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) group were followed in the design and reporting of this meta-analysis. 13 A systematic search of abstracts and titles of peer-reviewed articles was conducted using PsycInfo, Web of Science, and PubMed, including papers up to July 2017. Search terms included either 'low birth weight' OR premature* OR preterm, AND child*, AND at least one of the following terms: neurocogn* OR 'processing speed' OR 'speed of processing' OR executive function* OR 'intelligence' OR 'IQ'. Reference lists of identified relevant articles were searched for other appropriate articles.
Inclusion criteria
Studies were included in this meta-analysis if they met the following criteria: (1) the very preterm children were born earlier than 32 weeks gestational age; (2) had a mean age between 4 years and 17 years; (3) reported an age-matched term control group; (4) used standardized measures of executive function/processing speed/intelligence; (5) were published in an English-language peer-reviewed journal; and (6) no restrictions were placed on participants based on task performance (e.g. excluding participants with an IQ<70). Studies were excluded if they did not meet all of these inclusion criteria. Studies that exclusively examined low-birthweight children were excluded because of the possibility that more mature but small-for-gestational age children may be included. If data from the same cohort were published more than once, only the most recent publication was included in the meta-analysis, unless different measures were used, in which case each study was included. Figure 1 shows the PRISMA flow diagram for studies included in the final analysis, 13 and Tables I, II , and III provide details on the studies included that examine intelligence, executive function, and processing speed 7, respectively. Additionally, Figures 2, 3 , and 4 show forest plots of the studies included in each of the analyses.
Statistical analyses
All analyses were conducted in R 3.3.0 (R Foundation for Statistical Computing, Vienna, Austria), using the metafor package 73 for analyses and the ggplot2 package 74 to create forest plots. For studies that reported results for subgroups of children born very preterm or controls, a weighted group mean and SD was calculated by multiplying each subgroup mean and SD by its sample size, adding the subtotals, and dividing the obtained sum by the total sample size respectively, in line with Aarnoudse-Moens et al.
and age between studies; that is, whether variation in effect sizes between studies can be accounted for by gestational age, birthweight, and/or age. These three variables were treated as continuous variables and were entered in the meta-regression separately, in order to minimize any effects of multicollinearity between gestational age and birthweight. Additionally, in case the association between gestational age and neurodevelopmental outcomes is not linear, gestational age was also entered separately into the meta-regression as a categorical variable, with mean gestational age earlier or at 28 weeks as an extremely preterm group, and between 28 weeks and 32 weeks gestational age as a very preterm group. Studies that did not report gestational age and birthweight were excluded from these analyses.
It is well known that publication bias is a major concern when conducting a meta-analysis, 77, [81] [82] [83] as studies that report statistically significant results are seven times more likely to be published than studies reporting nonsignificant results. 84 As such, potential for publication bias was tested in two ways: first, Rosenthal's failsafe N (FSN) was calculated for each combined effect size. 85 The FSN provides a measure of the number of studies that would be required to nullify the observed effect, and is generally considered robust if it is >5k+10, where k is the number of studies in the meta-analysis. 85 Second, research has found that almost 80% of meta-analyses show a significant negative correlation between study sample size and study effect size, 86 again implying a systematic publication bias against non-significant findings and hence potentially overestimating population effect sizes. To examine this, Pearson's correlations between study effect size and study sample size were conducted (with a significant correlation suggesting publication bias), with a cut-off specified as statistical significance of p<0.050.
We performed an assessment of study quality based on the same 10-point scale used by Bhutta et al. 2 The scoring was performed by the second author (JKL), and was based on the following parameters: population sample, study design, demographic data, socio-economic data, neurological outcomes of prematurity, and matching of cases and controls. This score was treated as a continuous variable and were entered in the meta-regression separately with continuous gestational age, categorical gestational age, birthweight, and age at assessment. Additional records identified through other sources (n=0) Figure 1 : The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of study selection. Taken from Moher et al. 13 GA, gestational age. Review 455 
RESULTS Intelligence
Based on the 44 studies (preterm: n=4225; control: n=3989) included in the analyses, children born very preterm or extremely preterm performed significantly worse on measures of intelligence (Hedge's g=À0.82, 95% CI À0.90 to À0.74; p<0.001). This association was found to have medium-to-high heterogeneity (Q=115.81, df=43; p<0.001, I
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Sølsnes et al. 51 Stjernqvist and Svenningsen 52 Løhaugen et al. 36 Hagmann-von Arx et al. 30 Grunewaldt et al. 29 Foulder-Hughes and Cooke 28 Bayless et al. 19 Bayless and Stevenson 20 Anderson et al. 17 Anderson and Doyle À0.08 to 0.33; p=0.214), birthweight (B=0.000, 95% CI À0.000 to 0.001; p=0.054), and quality rating (B=À0.01, 95% CI À0.07 to 0.05; p=0.627) did not significantly account for variation in effect sizes between studies. In the younger group (children aged 4-10y), 29 studies were analysed (preterm: n=3071; control: n=3154). Children born preterm were significantly worse on measures of intelligence (Hedge's g=À0.86, 95% CI À0.99 to À0.73; p<0.001). This association was found to have moderate-tohigh levels of heterogeneity (Q=92.17, df=28; p<0.001, I 2 =69.62%). Rosenthal's FSN was 9226 (p<0.001, and greater than the cut-off of 155) 81 and the correlation between study sample size and study effect size was not statistically significant (r=0.05, p=0.785). A meta-regression found that birthweight significantly accounted for variation in effect sizes between studies within this group (B=0.001, 95% CI 0.000-0.001; p=0.024), but age (B=0.03, 95% CI À0.06 to 0.11; p=0.577), continuous gestational age (B=0.07, 95% CI À0.02 to 0.15; p=0.115), categorical gestational age (B=0.21, 95% CI À0.04 to 0.47; p=0.100), and quality rating (B=À0.01, 95% CI À0.09 to 0.07; p=0.842) did not.
In the older group (aged 11-17y), 15 studies were included in the analysis (preterm: n=1154; control: n=835). Children born preterm were significantly worse on measures of intelligence (Hedge's g=À0.76, 95% CI À0.91 to À0.60; p<0.001). This association was found to have low levels of heterogeneity (Q=17.31, df=14; p=0.240, I 2 =19.12%). Rosenthal's FSN was 1258 (p<0.001, and greater than the cut-off of 85) 81 ; however, the correlation between study sample size and study effect size was statistically significant (r=0.53, p=0.043). A meta-regression found age (B=0.02, 95% CI À0.08 to 0.08; p=0.965), continuous gestational age (B=0.02, 95% CI À0.13 to 0.17; p=0.775), categorical gestational age (B=À0.05, 95% CI À0.41 to 0.31; p=0.787), birthweight (B=0.000, 95% CI À0.001 to Anderson et al. 57 Campbell et al. 59 Delane et al. 71 Delane et al. 72 Schneider et al. 47 Inspection Time Schneider et al. 47 Coding Simms et al. 49 Stjernqvist and Svenningsen 52 van Baar et al. 55 van Hus et al. 56 Younger children (4-10y) Older children (11-17y) Overall effect
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0.002; p=0.774), and quality rating (B=À0.01, 95% CI À0.10 to 0.07; p=0.726) did not significantly account for variation in effect sizes between studies within this group.
Executive functioning
Based on the 87 measures extracted from 34 studies (preterm: n=3701; control: n=2921) included in the analyses, children born preterm were significantly worse on measures of executive functions (Hedge's g=À0.51, 95% CI À0.58 to À0.44; p<0.001). This association was found to have high levels of heterogeneity (Q=355.86, df=86; p<0.001, I
2 =75.83%). Rosenthal's FSN was 26 987 (p<0.001, and greater than the cut-off of 445) 81 and the correlation between study sample size and study effect size was not statistically significant (r=0.12, p=0.269). A metaregression found that continuous gestational age (B=0.08, 95% CI 0.03-0.14; p=0.004) and birthweight (B=0.000, 95% CI 0.000-0.001; p=0.038) both significantly accounted for variation in effect sizes between studies, but categorical gestational age (B=0.14, 95% CI À0.02 to 0.30; p=0.086), age (B=0.00, 95% CI À0.02 to 0.01; p=0.683), and quality rating (B=À0.00, 95% CI À0.05 to 0.04; p=0.855) did not.
In the younger group, 58 measures were extracted from 23 studies (preterm: n=2306; control: n=2167). Children born preterm were significantly worse on measures of executive function (Hedge's g=À0.51, 95% CI À0.60 to À0.42; p<0.001). This association was found to have high levels of heterogeneity (Q=293.75, df=57; p<0.001, I 2 =80.60%). Rosenthal's FSN was 11 283 (p<0.001, and greater than the cut-off of 300) 81 and the correlation between study sample size and study effect size was not statistically significant (r=0. 17, p=0.192) . A meta-regression found that continuous gestational age (B=0.10, 95% CI 0.03-0.17; p=0.005) significantly accounted for variation in effect sizes between studies within this group, but age (B=À0.02, 95% CI À0.07 to 0.04; p=0.601), categorical gestational age (B=0.20, 95% CI À0.02 to 0.42; p=0.068), birthweight (B=0.000, 95% CI À0.001 to 0.001; p=0.098), and quality rating (B=0.02, 95% CI À0.05 to 0.09; p=0.564) did not.
In the older group, 29 measures were extracted from 11 studies (preterm: n=1402; control: n=755). Children born preterm were significantly worse on measures of executive function (Hedge's g=À0.52, 95% CI À0.62 to À0.42; p<0.001). This association was found to have moderate levels of heterogeneity (Q=60.78, df=28; p=<0.001, I 2 =53.93%). Rosenthal's FSN was 3341 (p<0.001, and greater than the cut-off of 155) 81 and the correlation between study sample size and study effect size was not statistically significant (r=0.06, p=0.753). A meta-regression found that age at assessment (B=À0.02, 95% CI À0.10 to 0.06; p=0.681), continuous gestational age (B=0.04, 95% CI À0.05 to 0.14; p=0.380), categorical gestational age (B=0.05, 95% CI À0.16 to 0.26; p=0.640), birthweight (B=0.000, 95% CI 0.000-0.001; p=0.293), and quality rating (B=À0.03, 95% CI À0.08 to 0.03; p=0.286) did not significantly account for variation in effect sizes between studies.
Processing speed
Based on the 22 measures extracted from 17 studies (preterm: n=2126; control: n=1610) included in the analyses, children born preterm were significantly worse on measures of processing speed (Hedge's g=À0.49, 95% CI À0.60 to À0.39; p<0.001). This association was found to have moderate levels of heterogeneity (Q=41.70, df=21; p=0.005, I 2 =49.64%), and the tests for publication bias did not indicate systematic bias: Rosenthal's FSN was 1440 (p<0.001, and greater than the cut-off of 120) 81 and the correlation between study sample size and study effect size was not significant (r=0.01, p=0.951). The meta-regression found that age (B=0.03, 95% CI À0.02 to 0.07; p=0.224), continuous gestational age (B=0.05, 95% CI À0.03 to 0.13; p=0.231), categorical gestational age (B=0.14, 95% CI À0.06 to 0.34; p=0.178), birthweight (B=0.000, 95% CI 0.000-0.000; p=0.655), and quality rating (B=À0.01, 95% CI À0.08 to 0.06; p=0.811) did not significantly account for variation in effect sizes between studies.
In the younger group, 18 measures were extracted from 14 studies (preterm: n=1344; control, n=1137). Children born preterm were significantly worse on measures of processing speed (Hedge's g=À0.53, 95% CI À0.65 to À0.41; p<0.001). This association was found to have moderate levels of heterogeneity (Q=35.63, df=17; p=0.005, I 2 =52.29%). Rosenthal's FSN was 1207 (p<0.001, and greater than the cut-off of 100) 81 and the correlation between study sample size and study effect size was not statistically significant (r=0.12, p=0.633). A meta-regression found that age (B=0.01, 95% CI À0.07 to 0.09; p=0.817), continuous gestational age (B=0.03, 95% CI À0.07 to 0.14; p=0.538), categorical gestational age (B=0.11, 95% CI À0.13 to 0.34; p=0.384), birthweight (B=0.000, 95% CI 0.000-0.000; p=0.135), and quality rating (B=0.04, 95% CI À0.05 to 0.13; p=0.386) did not significantly account for variation in effect sizes between studies within this group.
In the older group, four measures were extracted from three studies (preterm: n=174; control: n=104). Children born preterm were significantly worse on measures of processing speed (Hedge's g=À0.30, 95% CI À0.52 to À0.08; p=0.007). This association was found to have low levels of heterogeneity (Q=2.98, df=3; p=0.395, I 2 =0%). Rosenthal's FSN was 7 (p=0.004; smaller than the cut-off of 30) 81 and the correlation between study sample size and study effect size was not statistically significant (r=À0.10, p=0.896). Owing to two measures (one study) not providing birthweight and the remaining two measures having identical quality rating scores, only gestational age and age at assessment were included as moderators in the meta-regression analysis. Age (B=À0.21, 95% CI À0.61 to 0.19; p=0.300), continuous gestational age (B=0.06, 95% CI À0.14 to 0.27; p=0.521), and categorical gestational age (B=0.21, 95% CI À0.56 to 0.98; p=0.595) did not significantly account for variation in effect sizes between studies. Given the very small number of processing speed measures in this age group, we recommend interpreting these results with caution.
DISCUSSION
This meta-analysis aimed to determine the association between very preterm birth and cognition in childhood and adolescence. Sixty studies with a total of 6163 very preterm and 5471 typically developing control children reported a strong association between very preterm birth and intelligence, and medium associations with executive functioning and processing speed. Specifically, children born very preterm were found to be 0.82 SDs below their term-born peers in terms of intelligence, corresponding to 12.30 IQ points, consistent with the findings of Kerr-Wilson et al. 3 of an 11.94-point deficit (though there was some overlap in selected studies). With regard to executive function and processing speed, children born very preterm were 0.51 and 0.49 SDs lower than term-born children respectively, highlighting substantial cognitive impairments of children born very preterm. It is possible that these impairments are a result of incomplete prenatal neural development. That is, the perinatal development of the brain is not complete before preterm birth, resulting in widespread disruptions in the frontoparietal network, 8 the integrity of which is associated with optimal executive function, processing speed, and intelligence. 87 Additionally, effects of gestational age and birthweight were observed for executive function but not intelligence or processing speed. Furthermore, when the studies were split into subgroups of younger (4-10y) and older children (11-17y) effect sizes were very similar between groups, although moderating effects were found to be associated with study effect size in the younger children (birthweight was associated with intelligence study effect size, and continuous gestational age was associated with executive function study effect size). These results are consistent with those reported by Bhutta et al., 2 who found that mean cognitive test scores positively correlated with birthweight and gestational age in children born very preterm and/or verylow-birthweight children. However, Kerr-Wilson et al. 3 reported a significant association between gestational age and IQ, rather than between birthweight and IQ. This is possibly owing to the current meta-analysis only analysing studies that examined children born very preterm, whereas Kerr-Wilson et al. 3 included studies with children who were born earlier than 37 weeks gestational age. There are two major implications of these findings: first, the results suggest that there may well be significant differences in cognitive ability within children born very preterm, especially in younger children; that is, cognitive impairments may increase in severity as gestational age and/or birthweight decrease. While the meta-regression values are in the expected direction (i.e. younger gestational age and lower birthweight is associated with larger study effect size), the fact that a similar finding was not observed in the older children could potentially allude to developmental differences between children born very preterm and typically developing children beyond a simple deficit. Previous research has found that different executive functions and intelligence develop rapidly throughout childhood but are indistinguishable in typically developing children until around the age of 10 years, 88, 89 implying that a general executive ability develops through early childhood, whereas specific executive function and intelligence abilities only begin to mature from middle-to-late childhood. Hence, it is possible that the association between gestational age, birthweight, and study effect size in young children is related to the development of this general executive/intellectual ability, whereas specific abilities (which begin to develop in older children) are unaffected by gestational age and birthweight. The second implication of these findings is related to the non-significant correlations between age at assessment and the effect sizes of each study, and the consistent effect sizes between the younger and older subgroups. The lack of association between cognitive impairment and age at assessment implies that children born very prematurely do not 'catch up' with their termborn peers through childhood and adolescence; that is, children born preterm suffer from a deficit in cognition, not a delay, supporting the findings of Linsell et al., 90 who found no evidence of recovery or deterioration of cognitive function in extremely preterm individuals from infancy to young adulthood (also see Doyle and Anderson 91 for a review of adult outcomes of extremely premature birth).
These cognitive deficits could also explain decreased academic achievement in children born prematurely. Previous research has found that these neurocognitive domains are associated with educational outcomes. Rose et al. 92 reported a cascade of cognitive effects on academic achievement. Specifically, they found that preterm birth significantly predicted processing speed, which significantly predicted executive function, of which working memory predicted mathematical and reading ability. Based on this cascade model, it may be possible to use cognitive training programmes to improve processing speed in children born preterm, 93 which may, in turn, improve performance in measures of executive function and academic performance.
Our meta-analysis has several limitations, resulting from methodological flaws and the heterogeneity of the included studies. First, it is possible that owing to advances in medical research, a cohort effect may be evident in our selected studies. Specifically, research has found that mortality and neonatal morbidity rates have significantly decreased in recent years, 10 and the children tested in older studies may not have received the same treatment as the children who participated in the most recent studies. As such, it may follow that cognitive outcomes have also improved in the same time period. Second, previous research has found that low socio-economic status is associated with impaired cognitive development, 94 increased risk of preterm birth, 95 and is predictive of IQ in adults born very preterm. 96 However, socio-economic status was not included as a covariate in the current meta-analysis because there is a severe lack of consistency in terms of reporting socio-economic variables across studies. Future research should consider including a standardized measure of socio-economic status in an attempt for uniformity across studies. Third, although gestational age and birthweight are closely related and we excluded studies that exclusively investigated small-forgestational-age children, it is possible that some small-forgestational-age children were included in some studies, which could potentially introduce some bias into the results. Lastly, the majority of studies included in the final analyses tested samples from predominantly high-income countries (i.e. USA, UK, Australia, New Zealand, and Scandinavia); hence, the results may only have limited generalizability owing to state-of-the-art medical interventions in these developed countries potentially resulting in greater outcomes than treatments in developing countries.
The current study suggests promising avenues of future research. The development of child-friendly cognitive training programmes may well prove to be a productive area of future research. Additionally, given that executive function and processing speed are both predictive of intelligence in children, 12 it is possible that the deficits in executive function and processing speed have an additive effect, which causes a greater deficit in intelligence than those observed in executive function and processing speed. It would be of interest to test whether this is the case by conducting a mediation model, where executive function and processing speed are tested as potential mediators of the association between preterm birth and intelligence, and would provide a window into the development of intelligence from an atypical perspective.
In conclusion, this meta-analysis has reported medium to large deficits in three major cognitive domains: executive function, processing speed, and intelligence. Intelligence and executive function deficits are associated with gestational age and/or birthweight but not age at assessment, implying that (1) cognitive impairments do increase in severity as gestational age and/or birthweight decrease; and that (2) cognitive impairments in children born prematurely are deficits rather than delays.
